**Research Highlights**

(1)This study investigated the effects of adolescent social isolation (postnatal days 38--51) on cognitive function in adult animals and the levels of brain-derived neurotrophic factor in the medial prefrontal cortex and nucleus accumbens.

\(2\) Adolescent social isolation impaired latent inhibition and increased brain-derived neurotrophic factor levels in the medial prefrontal cortex of adult rats.

\(3\) This study advances the use of isolation rearing as an animal model of psychiatric disease.

INTRODUCTION {#sec1-1}
============

Adolescence is a transitional period between childhood and adulthood, which can be characterized by behavioral, hormonal and neurochemical changes. For instance, adolescents differ from adults in behavioral measures of decision making, executive planning, working memory, and inhibitory control\[[@ref1][@ref2][@ref3]\]. Adolescent rats demonstrate higher levels of social behavior than younger and older animals\[[@ref4][@ref5]\]. Maturation of neurotransmitter systems, such as the dopaminergic and glutamatergic systems, also occurs during this period\[[@ref6][@ref7]\].

Evidence from animal studies suggests that adolescence is a critical period when life experiences can exert positive and negative effects on brain development. For example, adolescent social stress or social isolation increases anxiety-like behaviors in both female and male adult rats\[[@ref8][@ref9]\]. Environmental enrichment in adolescence can reverse many of the deleterious effects of early life stressors\[[@ref10]\]. We have previously reported that adolescent social isolation can induce delayed latent inhibition deficit, moderate hyperactivity toward a novel environment, reduced pain sensitivity, and delayed developmental effects on dopamine levels in the nucleus accumbens and the medial prefrontal cortex\[[@ref11][@ref12]\].

Brain-derived neurotrophic factor is a member of the neurotrophin family\[[@ref13]\] and has a wide range of functions, such as supporting postmitotic neuronal survival, regulating axonal growth and promoting synaptic plasticity\[[@ref14][@ref15]\]. Brain-derived neurotrophic factor has also been implicated in the neurobiological mechanisms of schizophrenia\[[@ref16][@ref17][@ref18]\] and depression\[[@ref19][@ref20][@ref21]\]. Several recent studies reported that acute immobilization stress, inescapable tail-shock stress, and acute social defeat stress increases brain-derived neurotrophic factor mRNA expression in the medial prefrontal cortex, but not in the nucleus accumbens\[[@ref22][@ref23][@ref24]\]. However, very few studies have explored the effects of isolation rearing on brain-derived neurotrophic factor levels. The few studies on this topic have presented inconsistent, if not contradictory, results\[[@ref25][@ref26]\], and the effects of adolescent social isolation on levels of brain-derived neurotrophic factor in the medial prefrontal cortex and nucleus accumbens are largely unknown.

The present study was designed to determine the developmental influence of adolescent social isolation on latent inhibition and brain-derived neurotrophic factor levels in the medial prefrontal cortex and nucleus accumbens of young adult rats.

RESULTS {#sec1-2}
=======

Quantitative analysis of experimental animals {#sec2-1}
---------------------------------------------

A total of 36 male Wistar rats were equally and randomly divided into adolescent isolation and social groups on postnatal day 38. The adolescent isolation group consisted of rats that were housed alone for 2 weeks during adolescence (postnatal days 38--51). Rats in the social group were housed under normal housing conditions. All 36 rats were included in the final analysis.

Effects of adolescent social isolation on latent inhibition in adult rats ([Figure 1](#F1){ref-type="fig"}) {#sec2-2}
-----------------------------------------------------------------------------------------------------------

![Effects of adolescent social isolation on latent inhibition in adult rats.\
Compared to latent inhibition in the social group \[(A) non-pre-exposure (NPE), *n* = 9; pre-exposure (PE), *n* = 9\], latent inhibition was deficient in the adolescent isolation group \[(B) NPE, *n* = 9; PE, *n* = 9\] (2 × 2 × 5 analysis of variance). Latent inhibition was assessed using tone-conditioned stimulus pre-exposure in the two-way active avoidance test. Data are shown as mean ± SEM and five blocks of 10 trials were used.](NRR-8-1025-g001){#F1}

The effect of blocks was significant \[*F*~(4,\ 128)~ = 144.08, *P* \< 0.001\], reflecting an overall increase in avoidance responses. In addition, the effect of the pre-exposure condition was significant \[*F*~(1,\ 32)~ = 15.40, *P* \< 0.001\]. However, the effect of the housing condition was only marginally significant \[*F*~(1,\ 32)~ = 3.41, *P* = 0.07\]. The interaction between pre-exposure condition (pre-exposure and non-pre-exposure) and housing condition (isolation and social) was significant \[*F*~(1,\ 32)~ = 5.79, *P* \< 0.05\], as was the three-way interaction between all factors \[*F*~(4,\ 128)~ = 11.36, *P* \< 0.001\]. These results suggest a possible difference in the effect of pre-exposure between the adolescent isolation group and the social group.

Furthermore, the effect of blocks and the pre-exposure condition were both significant \[*F*~(4,\ 64)~ = 49.95, *P* \< 0.001; *F*~(1,\ 16)~ = 21.71, *P* \< 0.001\] for the social group. The interaction between these two factors was also significant \[*F*~(4,\ 64)~ = 14.78, *P* \< 0.001\]. Overall, these data suggest that the non-pre-exposure animals performed better than the pre-exposure animals, indicating a robust latent inhibition phenomenon in socially reared rats ([Figure 1A](#F1){ref-type="fig"}). In contrast, the adolescent isolation group only had a significant effect of blocks \[*F*~(4,\ 64)~ = 96.79, *P* \< 0.001\]. The effect of the pre-exposure condition was not significant \[*F*~(1,\ 16)~ = 1.07, *P* = 0.32\], nor was its interaction with blocks \[*F*~(4,\ 64)~ = 1.22, *P* = 0.31\]. These results indicate that latent inhibition was deficient in adolescent isolated rats ([Figure 1B](#F1){ref-type="fig"}).

Effects of adolescent social isolation on brain-derived neurotrophic factor protein levels in the forebrain of adult rats {#sec2-3}
-------------------------------------------------------------------------------------------------------------------------

Brain-derived neurotrophic factor levels in the medial prefrontal cortex and nucleus accumbens in the adolescent isolation and social groups are shown in [Figure 2](#F2){ref-type="fig"}. Adolescent social isolation produced a significant increase in brain-derived neurotrophic factor levels in the medial prefrontal cortex \[*t*~(18)~ = 2.39, *P* \< 0.05\]. In contrast, there was no significant difference in brain-derived neurotrophic factor levels in the nucleus accumbens between the adolescent isolation and social groups \[*t*~(18)~ = 1.22, *P* = 0.24\].

![Effects of adolescent social isolation on brain-derived neurotrophic factor (BDNF) protein levels in the forebrain of adult rats.\
BDNF levels by enzyme-linked immunosorbent assay, expressed as pg/mg total protein, in the medial prefrontal cortex (A) and nucleus accumbens (B) of social (SOC) and adolescent isolation (ISO) groups (mean ± SEM, *n* = 10 per group). ^a^*P* \< 0.05, *vs*. SOC group (independent *t*-test).](NRR-8-1025-g002){#F2}

DISCUSSION {#sec1-3}
==========

The present study showed that adolescent social isolation impairs latent inhibition and increases brain-derived neurotrophic factor levels in the medial prefrontal cortex of young adult rats. The latent inhibition deficiency confirms our previous report that social isolation during puberty can affect latent inhibition in young adult rats\[[@ref11]\].

Brain-derived neurotrophic factor expression can be affected by a variety of environmental factors and has been implicated in the etiology of multiple neuropsychiatric disorders\[[@ref27]\]. The majority of studies exploring the effects of social isolation on brain-derived neurotrophic factor expression in the brain have focused on the hippocampus\[[@ref28][@ref29]\], although Scaccianoce *et al*\[[@ref25]\] reported that 8-week social isolation does not affect brain-derived neurotrophic factor protein levels in the prefrontal cortex or striatum of adult Sprague-Dawley rats. In the present study, 2-week adolescent social isolation increased brain-derived neurotrophic factor levels in the medial prefrontal cortex, but not in the nucleus accumbens of young adult rats. We previously reported that 4-week adolescent social isolation increases the number of brain-derived neurotrophic factor-positive cells in the medial prefrontal cortex\[[@ref30]\]. These conflicting results may be a consequence of methodological differences between the studies, including the duration of the isolation procedure and the age of the rats. As opposed to an 8-week isolation procedure from weaning to adulthood, this study used a 2-week social isolation procedure focusing on the adolescent period. Previous studies suggest that peri-adolescent stress produces several behavioral and neurochemical abnormalities in adult rats, including decreased levels of the D2 dopamine receptor in the prefrontal cortex, reduced dopamine turnover in the nucleus accumbens, and deficits in spatial learning and latent inhibition\[[@ref11][@ref31][@ref32]\].

Authors have previously reported that similar adolescent social deprivation results in increased dopamine levels in the nucleus accumbens and decreased dopamine levels in the medial prefrontal cortex in adult rats\[[@ref11]\]. A recent study found that 2-week adolescent social isolation is associated with a 3.3-fold increase in striatal D2 receptor expression in adult rats\[[@ref33]\]. Taken together, these observations suggest that adolescent social isolation might disrupt the normal development of midbrain dopamine systems, and that the effects do not emerge until adulthood.

The nucleus accumbens and medial prefrontal cortex are two critical regions of the midbrain dopaminergic circuitry. The medial prefrontal cortex provides extensive input to the nucleus accumbens, and the perturbation of this region can modify dopamine function in the nucleus accumbens\[[@ref34]\]. In rodents, dopaminergic innervation of the prefrontal cortex exhibits a dramatic increase at postnatal day 60, which is equivalent to early adulthood in humans\[[@ref1]\]. The regulation of dopamine neuron development is mediated by neurotrophic factors, including brain-derived neurotrophic factor and glial-derived neurotrophic factor\[[@ref35][@ref36]\]. Brain-derived neurotrophic factor can promote the sprouting of dopaminergic axons and regulate the plasticity of dopaminergic neurons\[[@ref37][@ref38]\]. Brain-derived neurotrophic factor synthesized by dopaminergic neurons is responsible for the appearance of the dopamine D3 receptor during development and maintenance of its expression in adults\[[@ref39]\]. Brain-derived neurotrophic factor can affect the control of emotions and sensorimotor gating *via* feedback loops in the circuitry that the nucleus accumbens forms with the prefrontal cortex, which can be found to be disturbed in some psychiatric disorders\[[@ref40]\]. In the present study, increased brain-derived neurotrophic factor levels in the medial prefrontal cortex after adolescent social isolation may be related to hyperactivity of the midbrain dopaminergic system, and therefore may disrupt latent inhibition. Because the elevated levels of brain-derived neurotrophic factor in the prefrontal cortex of socially-isolated rats are expected to lead to synaptic remodeling, which may underlie the observed behavioral deficits, we will examine morphological changes in the prefrontal cortex in a future study.

In summary, adolescent social isolation induces a deficiency in latent inhibition and increases brain-derived neurotrophic factor levels in the medial prefrontal cortex of young adult rats. This study provides additional insight into brain and behavioral changes that occur following early neurodevelopmental manipulations.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-4}
------

This is a randomized, controlled animal study.

Time and setting {#sec2-5}
----------------

Experiments were performed in the Animal Laboratory of Peking University in China from May to August 2011.

Materials {#sec2-6}
---------

A total of 36 male Wistar rats were obtained from the Academy of Chinese Military Medical Science at postnatal day 21 and were housed in groups of three per cage. The rats were kept under controlled environmental conditions (an ambient temperature of 22°C and a 12-hour light/dark cycle with lights on at 7:00 a.m.) with free access to food and water. All protocols were conducted in accordance with the Guidelines of Beijing Laboratory Animal Center and National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23).

Methods {#sec2-7}
-------

### Experimental procedure {#sec3-1}

The adolescent isolation group consisted of rats that were housed alone for 2 weeks during adolescence (postnatal days 38--51). Rats in the social group were housed under normal housing conditions. The isolated rats were returned to group rearing in random assignments for a 2-week re-socialization period (postnatal days 52--65). During this time, socially reared rats were also randomly re-assigned to new housing groups to ensure that any differences observed between isolation and socially reared rats were not caused by the re-socialization procedure. After 2 weeks of re-housed rearing, latent inhibition was examined in young adult rats at postnatal day 66. All rats were housed in the same room, allowing them to hear and smell the other rats in the study. All behavioral testing was performed during the light cycle between 7:00 a.m. and 7:00 p.m.

### Latent inhibition test {#sec3-2}

Latent inhibition was evaluated using the conditioned avoidance response. The acquisition of a conditioned reaction in a two-way shuttle box was tested with or without pre-exposure to the conditioning stimulus. Rats in either group were randomly divided into pre-exposure and non-pre-exposure groups. By receiving pre- exposure to a stimulus, the animal learns to acquire a conditioned response. The conditioned stimulus was a 6-second tone (75 dB) produced by a buzzer that was centrally located on the ceiling of the box. The unconditioned stimulus was a 1 mA electric foot shock delivered through stainless steel rods. During the pre-exposure period, animals in the pre-exposure group were placed in the apparatus and a sound was delivered 90 times, for 6 seconds each time with a 14-second interval, over a period of 30 minutes. Animals in the non-pre-exposure group were placed in the same apparatus for 30 minutes without sound administration. Immediately after pre-exposure, the training session was started and consisted of five blocks of 10 trials; each trial was limited to 15 seconds. The rats were trained to escape to the other side of the shuttle box after the presentation of the conditioned stimulus (the foot shock). The conditioned stimulus lasted for 3 seconds. If the rat moved to the other side of the box within this time, the tone was turned off, and the foot shock was terminated. Otherwise, another foot shock was administered. If the animal failed to react, the trial continued for the remainder of the 15-second period. The inter-trial intervals were 10 seconds. The number of avoidance responses (with a response latency \< 3 seconds) was recorded.

### Tissue dissections {#sec3-3}

One day after the latent inhibition test, 10 rats from each group were randomly chosen for neurochemical assays. The rats were sacrificed by decapitation, and their brains were immediately removed and frozen in liquid nitrogen. The brains were cut into 50-μm thick sections at −20°C in a cryostat microtome. Bilateral tissue punches of the medial prefrontal cortex and nucleus accumbens were taken rapidly using a stainless steel cannula with an inner diameter of 0.6 mm, as described previously\[[@ref8]\]. The tissue samples were stored immediately at −80°C for further use.

### Enzyme-linked immunosorbent assay {#sec3-4}

Brain-derived neurotrophic factor protein content was measured by enzyme-linked immunosorbent assay according to the directions of the manufacturer using a DuoSet enzyme-linked immunosorbent assay development kit (R&D Systems, Minneapolis, MN, USA). Briefly, tissues were sonicated in extraction buffer (0.01 M Tris-HCL buffer, pH 7.4, containing 0.1 M NaCI, 1 mM ethylenediaminetetraacetic acid, 1 mM ethylene glycol bis(2-aminoethyl) tetraacetic acid, 2 mM phenylmethane sulfonyl fluoride, 50 mM leupeptin, 100 g/mL pepstatin and 100 g/mL aprotinin) and centrifuged at 4°C for 10 minutes at 13 000 r/min. Supernatants were collected, and total protein content was measured. Samples and standards were then run in duplicate, and absorbance was measured at 450 nm using a microplate reader (MULTISKAN MK3, Thermo Scientific, Rockford, USA). Data are presented as pg/mg total tissue protein\[[@ref20][@ref22]\].

### Statistical analysis {#sec3-5}

Data are presented as mean ± SEM, and analyzed using SPSS 13.0 software (SPSS, Chicago, IL, USA). Active avoidance responses were analyzed using a 2 × 2 × 5 analysis of variance consisting of two between-subject factors, housing condition (adolescent isolation and social) and pre-exposure condition (non-pre-exposure and pre-exposure), and a within-subject factor, blocks (5 blocks of 10 trials). Brain-derived neurotrophic factor protein levels from different brain regions were analyzed by an independent *t*-test. A probability value of \< 0.05 was considered statistically significant.
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